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I. INTRODUCTION
A. Objectives
1. To design and analyze a reinforced concrete struc-
ture requiring a large interior clear span, wherein
the roof is supported by an autoclastic or doubly
curved network of cables.
2. To formulate the design program for tae structure
so that the architectural condition created will
have a broad application of use.
3. To direct the design toward a solution stressing
the resolution of those problems whicA would pre-
vail in the structure regardless of specific function.
4. To direct the design of the structure toward an
architectural entity which reflects its geometric,
structural and constructive characteristics.
5. To investigate the structural and physical properties
of the materials to be employed, and to determine
the technological potential of the building industry
with respect to the fabrication and erection of
the structure.
6. To establish as much as possible within the genera-
lized program of requirements the pertinent environ-
mental considerations, whether of spatial or func-
tional nature, and to direct the design of the
structure so that these needs are satisfied by the
inherent or organic qualities of the structure
rather than as applications of non-structural nature.
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A. Objectives (continued)
7. To equate the structure's relative economy and
efficiency with the resulting architectural quality
rather than with considerations which are solely
economic.
B. Exposition
The thesis is generalized to a theoretical condition
rather than one approximating a more comprehensive exploration
of a complete architectural service. This approach is taken
because it is felt th.t by minimizing the problems encountered
in the solving of specific functional requirements, the purpose
implied in the general thesis title "The Use of Reinforced
Concrete" may best be exploited.
C. Approach
Sith respect to each of thie following categories, a
survey of known applications and acnniques will be undertaken
so as to best determine what is feasible and in turn facilitate
the formulation of a constructive proposal.
1. The examination of basic dimension considerations
with respect to determining a general architectural
condition.
2. The determination of applicable structural and con-
structive techniques, including a survey of struc-
tural and physical properties of materials to be
employed.
3. The determination of required service functions to
be provided with their means of incorporation into
the structure.
4. The determination of the roof surface based on
span, height, spatial, and structural considerations
pertinent to the selected architectural condition.
5. The determination of a unified system of structure
for roof system and supporting elements with the
geometric determination of slopes and angles.
6. The determination of a sequence of construction.
7. The establishment of basic structure theory and
anproximate structural analyses.
8. Record findings and design proposal in written and
graphic form.
W
II. RESEARCH
A. History
1. Development of Caole Roof Structures
The use of suspension cables as a primary means of
support in roof structures owes its genesis to the suspension
bridge which has prevailed in crude forms since the most pri-
mitive beginnings of civilization. The modern suspension
bridge had its origin with the discovery of steel in the 1880's,
and since that time has experienced a continuous development
wherein spans reached' 4200 feet in the 1930's with tue con-
struction of the Golden Gate Bridge in San Francisco. Nothing
technically stands in the way of a 10,000 ft. span.
Cable supported roofs are of relatively recent origin,
the earliest use being tent structures of various forms, while
what was probably the first substantial construction occurred
in the locomotive pavilion at the Chicago dorldts Fair of 1933.
Since these beginnings, the utilization of cable roofs in a
variety of forms has become more prevalent, but such use re-
mains a basically new and incompletely understood or exploited
engineering principle.
The engineering attraction of such a roof is derived
from the fct that the most economical means known for spanning
large distances is the steel cable. This is due to the physical
fact that steelvdre or cable intension is four to six times
stronger than steel in any other form. It is this fact which
makes possible theoretical bridge spans far in excess of those
presently constructed, and creates much of the appeal of cable
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supported roof structures. In fact, the chief difficulties
in suspension structures of any type lie not in spanning capa-
city, but rather with the problems of vibrations, flutter and
uplift due tovind or unequal live loading.
Though these problems exist in suspension bridges, they
become even more critical when suspension principles are em-
ployed in roof structures. This occurs because the added
necessities of breadth and weathertight enclosure require
that a greaterdegree of stability be maintained. This,
coupled with the fact that the large tensile stresses de-
veloped in the cables must ultimately be resisted by some
means has often resulted in excessively large edge beams,
added roof weignt, and secondary tie members, all of which
can compromise structural clarity and economy. In effect,
the method of delivering the cable stresses to the ground, and
the means by which the problems of flutter, vibration and up-
lift are controlled become of primary consideration in the de-
sign or study of cable structures.
Of the cable roof structures that have been constructed
or proposed to date, there emerge tnree distinct types or
categories and a number of other projects or buildings which
are derivations or combinations of the three. The latter are
in some cases noteworthy as structures, but since none is unique
in principle, they tend to be less important in a survey of
suspension roof structures.
Of the basic types, eachi is distinguished by the geometry
of its respective cable network, but the means in which its
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supporting structure performs its function, and to a lesser
degree in the manner in which the tendency to flutter or vibrate
is resisted.
The three types are:
a. Circular form with cables suspended radially from
a central tension ring in midair to an exterior com-
pression ring supported by a wall or columns.
b. A doubly curved saddle made up of two networks of
cables of opposite curvature, the thrust of which
is resisted by edge beams or arches supported on
columns.
c. A singly curved network of cables spanning in one
direction and slung between edge beams at each
end of the cables.
A more detailed examination of an example or examples of each
basic type as well as a partial list of constructed cable
supported roof structures follows this section.
Beyond this elementary evaluation and classification of
structural type, it should be noted that there exists in pro-
ject or proposal form a number of diverse application for
cables in general structural use. These are of general interest
in the area of cable application, but are less pertinent to
this thesis. Published applications of this nature, where
possible, have been noted in the bibliography.
-i
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2. List of Constructed Examples
State Fair Arena
Raleigh, North Carolina
Matthew Nowicki designer
William Henley Deitrick architect
Fred Severud engineer
Congress Hall
Berlin, Germany
Hugh Stubbins
Fred Severud
David S. Ingalls Hockey
Yale University
New Haven, Connecticut
Eero Saarinen
Fred Severud
ar chitect
engineer
Rink
architect
engineer
Dulles Airport Terminal
Maryland
Eero Saarinen architect
Ammann & Whitney engineer
Utica Auditorium
Utica, New York
Gehron and Sletzer architects
Lev Zetlin engineer
Pan American Airways Jet Hangar
New York International Airport
Port of New York Authority architects
Ammann and Whitney engineer
United States Pavilion
1958 Brussels World's Fair
Edwad D. Stone architect
engineer
Corning Glass Cafeteria
Fred Severud
Calo Food Market
San Francisco, California
Frank Nynkoop
Dudley Wynkoop
architect
engineer
architect
engineer
Municipal Stadium
Montivideo, Uraguay
Mondino, Viera and Miller architects
Freload Co. Inc. engineer
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French Pavilion
Zagreb, Yugoslavia 1935 Exposition
architect
Bernard Lafaille engineer
Health and Physical Education Building
Central Washington College
Ellensburg, Washington
Ralph H. burkhard architect
Anderson, Birkeland & Anderson, engineers
Exposition Building
Century Twenty One Exposition
Seattle, Washington
Paul Thiry architect
engineer
Locomotive Pavilion
Chicago World's Fair 1933
architect
engineer
Marie Thumas Pavilion
Brussels Fair 1958
Baucher, 3londel, & Filippone-architects
Rene Sarger engineer
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B. Theory
The general forms of equilibrium of suspension cables
as vell as the formulae for a parabola of equilibrium represent
engineering information which falls outside the knowledge of
most architects due to its rarity of application. Therefore
basic pertinent information is included in this section as a
brief survey of the georietric and engineering considerations
employed in cable design. Where engineering formulae of
more specialized nature are utilized in the analysis, they are
explained in the calculations. Formulae utilized in the
analysis of concrete structural members are explained where
necessary in the calculations.
1. General Forms of Equilibrium of Suspension Cables.
a. Catenary of Equilibrium
L
A cable loaded uniformly along its length will
take the form of a catenary. This applies also to the case
of a cable supporting its own weight only.
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b. Parabola of Equilibrium
A cable loaded uniformly along its chord length
will take the form of a parabola.
c. Funicular Polygon of Equilibrium
A cable loaded with a system of concertrated
loads will take the form of a funicular polygon.
2. General Formulae f or a Parabola of E-auilibrium
a. When a cable supports a load that is uniform
per unit length of the cable itself, such as its own weight,
it takes the form of a catenary. Under closely spaced applied
115
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loads of uniform magnitude the curve through the points of
inflection of a funicular polygon will closely approach that
of a catenary. In either case unless the sag of the cable is
large in proportion to its length, the shape taken may often
be assumed to be parabolic, the analysis being thus greatly
simplified.
Structural calculations for cables included herein will
utilize the cable f ormulae for a parabola of equilibrium and
the following general formulae will apply:
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C. Application
The following general uses have been considered in
determining possible application and size of structure.
1. Transportation Terminal
2. Airplane Hangar
3. Indoor Sports Enclosure
a. gymnasium-basketball
b. swimming pool
c. tennis court
4. Exposition Pavilion or Arena
5. Retail Sales
a. Supermarket
b. Junior Department Store
c. Discount Department Store
D. Economy
No effort has been made to establish the relative
economy of the structure due to the complexity of such an
analysis. From empirical .observation it is possible to sur-
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mise that the cost of the structure relative to other more
conventional means of spanning the space 'enclosed would not
be competitive until spans were great. It is generally conceded
that suspension structures will begin to compete on a cost
basis with other structural methods when spans reach approxi-
mately three hundred feet. It is probable that this figure
can be lowered if economy is of prime importance. This would
be particularly true if full advantage is taken of the rapidity
of erection possible in cable construction.
In the development of this problem it has been assumed
that the resulting structure would be one in which low cost
was not of prime importance, and that quality within some
higherlimit would permit the utilization of the structure em-
ployed in the final solution.
III. DESIGN CRITERIA
A. Building Type
The building is to be a high quality free standing
structure with large interior clearsapce offering a high degree
of flexibility, with the general requirement of a dynamic in-
terior space and strong exterior form. Contemplated uses
would be those of transportation terminal, indoor sports en-
closure, and exposition pavilion or arena.
B. Building Size
From the studies of possible application, with respect
to ground plan size, interior volume enclosed, and exterior
overhang, the following basic dimensional considerations are
established:
- I
1. An 6nclosed clear space of approximately 30,000 sq. ft.
2. A rectangular plan with dimensions of approximately
150 x 200 ft. at the floor plane.
3. Overhang to be closely tied to the geometric, stru-
ctural, and spatial characteristics of the system.
As such, desirable dimensions are difficult to
predetermine. They should, however, reflect in
their generosity the interior spatial character
and the overall quality of the building.
C. 24uality of Space
In light of contemplated uses,spatial considerations
would reflect primarily the basic requirement of a large
clear space of dynamic character. The end result of these
considerations would be a product of the cable network
geometry selected, the spatial characteristics of the general
structural system, and the articulation of its parts. Other
objective considerations such as natural and artificial light,
acoustics etc. are discussed under separate sections.
D. Structural Considerations
Beyond the applicable general requirements outlined
under building type, certain general considerations apply to
the forumlation of the structural system.
1. Structural and modular order offering the
following advantages:
a. Similarity of parts
b. Repetition of components
c. Ease of fabrication and erection
d. Mass production of shop fabrication
e. Use of advanced concrete technological levels.
-I
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E. Functional Considerations
1. Lighting
Since no specific use is advanced for the struc-
ture, the lighting requirements must of necessity remain
general in nature.
a. Natural Light
No specific requirements to be established.
The following general conditions to be
pursued:
1. No natural light to be provided through
roof surface.
2. Possibility of -large glass area to be
maintained throughout wall surface.
3. Any sun or glare control other than
that afforded by structural overhang
will not be considered.
b. Artificial Light
No specific requirements for artificial
illumination are, to be estalished. The
following general conditions will be pur-
sued:
1. Accommodations for a general illumina-
tion system should be incorporated
within the structure.
2. Such a system should offer a flexibility
which would accommodate the lighting
required for the contemplated uses of
the structure.
2. Acoustics
A proper acoustic environment for the gnneral
program requirements will depend upon the following con-
siderations:
a. Reverberation Time
1. With a fixed volume, required reverbera-
tion time can be attained by:
a. Variation of sound absorptive
materTial at roof surface.
b. Use of distributed sound: ampli-
fication system.
b. ackground Noise Criteria
1. For the contemplated use-s, an ambient
background noise level of between 30
and 40 decibels is indicated. This
would be provided by the air handling
system.
c. Sound Distribution
1. For the contemplated uses, and in light
of the relatively large volume of the
space, a distributed system of sound
amplification would be indicated. Such
a system would incorporate a high degree
of absorption on ceiling and if possible
on walls, with the amplification source
directed downward upon the inhabitants
of the building.
2. In the event that the space were to
serve a function requiring presence -
i.e. performance of some sort - it
would be necessary to employ a more
elaborate system incorporating time
delay for proper acoustic tconditions.
d. Sound Absorption
Primary sound absorption will be necessary
in varying degrees at ceiling level de-
pending upon use. Major source of noise
at floor level would be produced by per-
sons in the building. This sound will be
attenuated in a horizontal direction by
the presence of the porsons creating the
sound.
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3. Mechanical Equipnmnt and Services
All mechanical equipment will wherever possible be
placed underground or at some distance from the structure.
a. All air handlin; duct work wherever possible
to be incorporated within the s tructural or
floor system.
b. A forced air system is contemplated whidh would
require supply at floor level with return air
accommodations at ceiling level - preferably
at the high points of tne ceiling plane. Ex-
haust system to be underground at some distance
from the building.
c. Waste, soil, and water supply systems to be
underground and as such not a part of the de-
sign program.
4. Thermal Insulation
a. Where possible to be incorporated into the
structural system.
5. Roofing
a. High quality roof in conjunction with overall
character of the structure.
IV. PRELIMINARY PROPOSAL
The proposal consists primarily of the study of a cable
roof network supporting concrete panels.
A. Dimensional Characteristics
A cable network plan projection of approximately 150
x 200 feet.
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B. Structural Characteristics
1. Cable Network
The cable network consists of two families of
cables perpendicular and at opposite curvatures to one another
producing a doubly curved surface whose separate parts are
essentially square,
a. Suspension cables hang between two equal
parallel lines 200 ft. apart and at equal
distance above the ground plane and de-
scribe 22 equal divisions in the lines of
6.318 ft. each. Cable sags are determined
b. a parabola at the centerlines and per-
pendicular to the suspension cables. The
parabolas' low points are at tne outside
cables witna its high point at the center-
line of the central suspension cable.
b. 2he stressing cables are perpendicular to
and at opposite curvatures to the suspen-
sion cables and are spaced at intervals
that vary from 6.783 ft. at the centerline
suspension cable to 6.896 ft. at the out-
side cables.
2. Concrete Roof Panels
Roof panels are solid three inch thick slabs
spanning two ways between canted integral edge b eams. The
edgeteams provide stiffness to the panel during fabrication
and erection, and become a forming expedient for the concrete
poured around the cables. The lattice formed by these edge
members, the cables, and the concrete pour serves to dis-
tribute unequal live loads across the cable network, and pro-
vide rigidity to r esist the forces of uplift.
C. Functional Characteristics
1. Lighting
The possibility of lighting conduit runs is
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provided by the articulated joint between panels.
2. Acoustics
The possibility of applying absorptive material
within the coffered portion of the roof panel is provided.
D. Criticism
1. Building Size
Depending upon method of support, cable network
may dictate enclosed building area under that determined in
design criteria.
2. Structural Characteristics
a. Cable Network
1. Spanning cables in longitudinal rather
than transverse direction are inefficient.
If possible spanning cables should be in
transverse direction with stressing cables
in longitudinal direction.
2. Transverse curvature is insufficient to
provide resistance to.flutter and uplift.
3. Transverse curvature at network extremi-
ties is insufficient to apply prestress
to suspension cables.
b. Concrete Roof Panels
1. Solid concrete panels have inefficient
span to weight ratio and as such will
reflect in total cable area required
for assumed roof area.
3. Functional Characteristics
a. Thermal Insulation
No provisions are made for the incorporation
of tnermal insulation into the roof panels.
b. Mechanical
No provisions are made for the incorporation of
mechanical services into the structure.
-I
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V. THE FINAL PROPOSAL
A. General Description
The building is a free-standing clearspan structure
wherein the roof is constructed of precast concrete slabs
supported by a doubly curved network of steel cables. The
cables deliver the roof loads tofrie ground through a system
of reinforced concrete edge beams and supporting members.
B. Dimensional Characteristics
1. Floor area at ground plane is determined by a rec-
tangle 140 ft. by 224 for an enclosed area of 31360 sq. ft.
2. Ceiling heights and corresponding volume vary with
the geometry of the roof structure.
C. Structural System
1. Cable Network
The cable network consists of two families of cables
perpendicular and at opposite curvature to one another. The
geometric breakup produces a doubly curved surface whose parts
are sufficiently uniform to permit a repetition of similar
building components and a resulting ease of fabrication and
erection.
a. The suspension family of "I Cables" are suspended
at nine foot intervals from two rcrallel lines
185 feet apart and at a height of 54 feet above
the finish floor line. These cables vary in sag
from 37 ft. at the outside cables to 13 ft. at the
centerline cables. The sags of the intermediate
cables are d>atermined by a parabola at the center-
line and perpendicular to the suspension cables,
with a chord length of 207 feet and a rise of 19
feet.
b. The stressing family of "II Cables" are per-
pendicular and at opposite curvature to the sus-
pension cables and are spaced at equal intervals
which scale approximately 9 feet 6 inches at their
ends and 9 feet 0 inches at tieir centerline.
c. One family by being essentially perpendicular
and at opposite curvature tothe other family,
exerts a prestress to its opposite when it is
tensioned. An initial prestress is given to
the suspension cables by the roof dead load,
while tension introduced into the stressing
cables by means of jacks provides additional
load to the suspension cables toassure their
continued prestress throughout the live load
cycle. urther, by tensioning the stressing
cables a sufficient amount, it is possible to
assure that they will continue to act beyond the
,maximum live load deflection of the suspension
cables.
2. Roof Panels
a. The roof panels are prefabricated flat slab
units of a sufficiently small number of different
sizes to permit efficient shop fabrication and
assure visual uniformity. Slight differences will
be taken up in the joints that occur between panels.
30
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b. Since the amount of steel cable utilized in the
cable network will be almost directly proportional
to the span to weight efficiency of the roof
uanels, these panels nave been designed with a
light weight foamed poly-urethane core which
reduces slab weight while retaining sufficient
material at the extreme fiber to cover the rein-
forcing steel and assure slab action. This de-
sign has the advantage of producing a greater
spanning capacity for weight of panel than a
solid slab, while at the same time incorporating
thermal insulation into the panel unit.
c. The flat two-way portion of the roof panel is
surrounded by an inclined integrally poured
edge beam which serves to stiffen the panel
during fabrication and erection, and when sus-
pended from the cable network, becomes a forming
expedient for concrete poured around the cables.
The lattice thus formed becomes a diaphragm for
distributing unequal loads in the completed
structure.
3. Roof Supporting System
The roof surface of cable network and concrete
slabs is supported by a composite system which consists of
alternately similar pairs of structural elements surrounding
the perimeter of the r ectilinear plan.
a. Major Support Structures
All forcos, both vertical and horizontal,
generated Ai thin the total structure are ul-
timately resisted by a system of regularly
spaced column members which occur on alternate
long sides of the rectilinear plan. These
members perform their combidiation of struc-
tural requirements in the following manner.
1. Six columns of translational shape
spaced at 45 ft. o.c. along each of the
two longitudinal elevations ultimately
carry all forces produced in the struc-
ture to the ground by moment and com-
pressive resistance.
2. The six columns on e.ach major elevation
translates in form upward, increasing
in width, and outward from thle building
centerline in a cantilevered, fan shaped,
doubly curved surface. The resulting
shape gives added columnresistance to
twisting, and serves to shorten the
span between columns.
3. The remaining 18 ft. between columns is
spanned by an integral concrete beam
in what is now the same plane as the
translational column. This beam
carries the relatively small live and
dead loads that occur above it in the
supporting structure, and serves to tie
the columns together so that twisting
stresses introduced by unequal forces
delivered in each column panel by the
cables are more equally distributed to
the six columns. In addition, the beam
ties the six columns together into a
rigid frame so that wind leads are not
taken solely by the first column adjacent
to the wind exposed side.
4. Directly above the previously mentioned
beam, and translating from it and the
columns along the length of each long
elevation, is a horizontal concrete
section or beam which resists the cable
tension between the columns. Where this
horizontal beam continues across the top
of the column, it serves as a transitional
element to deliver the cable forces that
occur within the column width at the roof
line intersection.
b. Suspended Side Trusses
Between the t wo major supporting columns
systems at the extremities of the suspension
cables on the two minor sides of the plan rec-
tangle is a suspended truss of precast concrete
33
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elements. The truss elements are suspended
from cables in a manner similar to the roof
panels. After joints between the elements
are grouted, the truss is post tensioned with
separate wires placed for that purpose. When
completed, the trusses resist the stressing
cable tensions which are introduced by jacks
positioned between the separate truss elements
before grouting. The trusses deliver the
tension forces thus resisted to the major sup-
porting structure from which they are suspended.
D.Functional Characteristics
1. Lighting
a. Natural Light
1. No provisions are made for the utilization
of skylighting. The possibility of adding
skylights exists, as the overall negative
curvature of the roof presents no drainage
problems, while the modular breakup of the
cable network and prefabricated concrete
panels would permit the introduction of
specially, constructed skylight panels.
2. Extensive vertical open area throughout the
structure permits total utilization of glass
in the two minor elevations with approxi-
mately 65% glass area possible on major
elevations. The effective control of these
U.
large glass areas is accomplished in part
by overhangs of approximately 15 ft. on
minor elevations and 30 ft. on major eleva-
tions. 2he relative effectiveness of this
overhang varies with the geometry of the
structural form.
The demand for further control of light
admitted through glass area would vary with
specific site coaditions and functional
requirements, and as such would require
sneciilized solutions. It is possible
that these would include the following:
a. Heat and glare reducing glass.
b. Louvers or deep window mullions
incorporated into the fenestration.
c. The replacement of areas indicated
herein as glass with opaque material.
b. Artificial Uight
Provisions for the installation of artificial
lighting, for general and specialiged illumina-
tion are provided in the roof construction as
an integral part of the structure. This is
accomplished by providing a continuous slot be-
low the joint between roof panels. This slot
provides a semi-concealed two directional conduit
chase which offers complete flexibility in the
position and extent of lighting.
2. Acoustics-
The following provisions or accommodations are made
to assure a proper acoustic environment as outlined under de-
sign criteria section:
a. The doubly curved surface of the roof struc-
ture serves to break up sounds directed at
the ceiling plane, avoiding flutter.
b. Coffered roof panels provide a ceiling con-
figuration which permits the installation of
sound absorbing material necessary for proper
reverberatior tine without compromising struc-
tural and visual order.
c. Contemplated air handling equipment would be
sufficient to provide desired ambient sound
background of 30 to 40 decibels.
3. Mechanical Equipment and Services
a. Mechanical hquipment
Heating, ventilating and air cooling equipment
is to be housed separately or underground and
As such is not a par t of this problem. Accom-
modations for ductwork are provided in the
following manner:
1. Supply and exhaust ducts arrive under-
grou-d or originate at basement level.
Supply, return, and exhaust air registers
are at floor level or above, a s dictated
by special functional requirements.
2. Exhaust and return air intakes occur at
high points of the roof surfaod along the
two major interior elevations. Ductwork
for these services would be cast into the
reinforced concrete columns and would
reach mechanical equipment under ground.
An estimate of total cross sectional
area required for this function is 24
sq. ft. which would necessitate 2 sq. ft.
of duct per column. It is assumed that
the structural mass of the column is
sufficient to accommodate this total
area if it is in a sufficient number of
increments.
b. Waste, Soil and Water Supply Systems
Systems will be underground and as such are
not a part of this problem.
c. Electrical
Service to be supplied to floor slab under-
ground, and to roof by means of conduit runs
set in concrete columns.
4. Thermal Insulation
a. Thermal insulation for roof is incorporated
into the precast slabs, and would be of light-
weight foamed poly-urethane of 4 inch thick-
ness.
5. Roofing
a. Proposed roofing is of sheet copper with
standing seams and matching crimps at re-
gular intervals following lines parallel to
the stressing cables.
b. The geometry of the roof surface assures
drainage to the minor, elevation gutters
which possess sufficient capacity to handle
the run off delivered. Water from the
gutter is delivered toconcrete receptacles
at both minor elevations by precast concrete
down spouts.of sufficient vertical depth to
eliminate undue splashing.
E. Construction Sequence
It is assumed that prefabrication of structural elements
where possible, can be scheduled so that components would be
available when required in the construction sequence. A
general order of construction of building components is as
follows:
1. Site preparation, placement of service facilities,
pouring of fittings, and other preliminary re-
quirements not studied herein.
2. Pour major elevation structural supports, employing
standardized formshnnumber consistent with economic
considerations. Columns could be poured individually
employing movable forms, or additional duplicate
formwork can be constructed consistent with
I-
Ieconomic considerations. Each column would incor-
porate the necessary ductwork, conduit runs and
attachment accommodations for suspension cables.
3. Hang cables for suspended precast concrete side
trusses.
4. Attacn precast conerebe truss members, place post
tensioning wires and tensioning jacks for stressing
cables and grout joints.
5. Post tension concrete side trusses, using temporary
vertical tension members to asaure truss remains in
proper position.
6. Hang suspension cables employing falsework at
centerline to assure proper sag.
7. Position stressing cables and stress to predeter-
mined partial tension.
8. Place concrete roof slabs by means of crane. Me-
chanical attachment to be accomplished by workmen
raised to cable network by crane in building in-
terior.
9. Place sandbag overload on panels to simulate added
dead load of concrete lattice to be poured.
10. Adjust tension in suspension and stressing cables to
final predetermined stresses, and secure mechanical
attachment of cables at crossing points.
11. Pour concrete lattice, removing overload on panels
as pours are made.
12. Attach precast facia members.
13. Roof structure and make final check of roof po-
sition and cable tension.
14. Reclace temporary tension restraint at centerline
of side truss and replace with permanent mullions
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VI. STRUCTURAL ANALYSIS (continued)
B. Cable Network
1. General Cable Information and Assumptions
a. The strength and physical characteristics of
cable vary with the method of their fabrica-
tion and the materials employed. A more de-
tailed study of the various types of cables
available would be required to determine the
best type of cable for this particular design.
b. In practice the load capacity is determined
by test of particular cable size rather than
applying allowable unit stress values to the
cross section area. Cable makeup is such
that this load capacity does not have a
simple relationship to the amount of material
in cross section.
c. For the purposes of design in this problem it
is assumed that the cable used is factory
prestretched galvanized wire bridge rope with
the following properties:
1. E - 20,000,000 psi
2. Maximum breakihg strength in tension .
250,000 psi
3. Design strength ir.tension : 125,000 psi
d. Sizes of cable determined in the calculations
will remain in the form of area of effective
steelr equired. In selecting cables from
manufacturer's handbooks, the maximum tension
value f or the particular cable rather than the
effective steel area required would be uwed.
2. General Prestressing Design Approach
Supporting cables must be designed for both live
and dead loads. Under most circumstances, howeve ,
they will besibjected to dead loads only. Thus,
this loading will dictate their normal state of
repose unless the stressing cables are employed
to introduce additional load.
Since it would be desirable for the structure
to remain as close as possible ina constant shape;
and since it would also be desirable to hae the
supporting cables under a downward or "tiedown"
stress independent of the normal roof dead loads,
a porticm of the cable deflection which wold re-
sult from live loads will be introduced by the
stressing cables.
This prestress is possible since the stressing
cables are essentially perpendicular to and at
opposite curvature to the supporting cables, and
thus when placed under tension will exert a down-
ward component upon the supporting cables.
The total procedure by haich the- design of the
cable network is accomplished includes both the
sizing of the individual cable members and the
balancing process which determines the final
position of the overall network.
A detailed outline of this process, with the
theory and formulae involved follows this section.
CADLE. DE FCrION THEOR Y
T14r= Lr~W K P E, LECTLOHX A -4 , W++tC -1 ThE 9 eUS F'Ft1l ON CP 5L E5
WOULP Hna IF flIP-Y WF-E IZCE FRCM T4ie LIVC- L.OfW$7 F)NP/'O&
THE CINreg ACTION OF fl46- ST11ESSING~ CA5LC='S, wtiL T19KE f'L~cE
QNL-V F~OR A CeRTPhIN Fr,.FfOT(ON / , PUi5 TO rI-te P9SNCE OF
Tl+ smessim& C-RLES. Wti-{ti THe. EPP*JiN&C CRt5LE5 PTTfftIrrW
r'O L(Fr1 FRom THF.(R pe~so:'r4e.p ft 6TLCN4 (W(fl cp'PPcltY -otKf~ orti
LIME ANDQPEFP LOPTE ~5W CFP0L150 WILL 5E L.CPEP AT
69655IN& rO Iq~r- 15Y t9 6ERTIM IN LOA P., r , wfiIC jcF' c-n5c *cr
MINIEP 5Y TMRL PiNI2 E.RKOI; THIS IS fACCOMLiSHEC 15Y 6,UES5IN&
WHnT MI&WF E5C T4E (--CTUfi)L A-,/ri, f9(q4E ci4eCs~iN& rE~
tL5 CON FP-MP 15Y T4E APPLICMDTQIN OF FORt1UL-Pi
rc'o41-Io OF SU5PENSION
CF15e.'5 w(rH PEAV LOPP
ONLY
______ 
f'c51rtoN Or-SUSr'En5Joti
CP0L.Es wirii OEMP L019p
PAnp 6rRr--sIr6 CASLr- LQow
roFT5ON OF 5SUPENSIofq
098LES w/ EorH LIVEFNO
Lomo in 4;mT ,s 6v)& cnmLs
FbSITION OF GLIu-ricv
CP'5Lr=s w~rH LOPQO0f-
cpe-ms wird U0 LOMPc.
CI. P.. wi-ten CUSPer r.-Ior)
Ce^5LC-S FW --U&JecrCV
TO 10TH LJVE AWC? DC-190
NOIRMFL ATTITUDE Or-
9rRE5s65r)& CPf: LeG.
- 1 1. - -.. li .- ---l- -1 - - -womtz; .
DaRIVAT(ON OF FORMULA, v4
5ALANCINc-, rHG ELON&ArION OF THE 51.15NSION CM5L[-:5 WIr+
THm'r OF T4iE ST~5 Irnb CM~i-eS tS PhCCOM PLS H ff01Y MEP)NS
A F-cRIL-F REFEIZEc' To H~fZC-N MS fORLL 47(.
'ELONe & P% T-10N
II)E T1-fCe
ELONc TION"
is IN FicrumPL.TY To DIFFERENT F OMLRE f09
ECiUFtTE: ONE I- o Ttte O~tE-K TH F TWO FOR MULAFE
Of= " &EOCMeTILC VARIMTOS4" P)No "LmPAsnc
PINC) f RE P S f;OLLOWS:
GECmertrIC VetqRIrON
wH~e: U CR-OKE7 LENOTH
61ceirek Defm~ cr'oN
Lr=SEK V-FLIECrION
C-~N~N4- IN PCTl$L-
CF 5.-E LeN~rH-
~~.L1~ ~ (T. LONPTzOL
C,
=CHf~tNCoC IN PICTL
cwfe m~ ur'ir L/-fWc
6?ZeRTER eEK atO
MODuUS OF ELA'6TIcOrY
CKOSS GECIIONM~L PWREP
OF C^51-Lf 'L.
CFfle,-TI- ~e
56
OF
K " 1*a2)
A -0
c'L6
wHe~e :
F,2
OK 21
SL
rz
9ERIV~FLON OKM~oiuR P< (cofrI(Vu9)
.* eufirin& ONE P;OfZULE To THE orl4E:
*- h 2 )
7-z bI~
6~-"2.
5;
Ft' 
_ OK.
!SU6BTIrL4flryo6:
- o-r(iTAL)
6 h N ( 1v9L)
ro RMU -
__I 
-
5 
-
+C. aO h. f
9ER(VATION op
Fz
2-
FOR r--ioR.MULJzl cK
CA~ISE N~nMOk 4CA.U~lA7'k2I
flCiRMfL AMrUo~a
J% 207 1.
Plieft&i OF C4! T=-fL?IE- CAi.CS
LIVE LQ~w'
LiveL6?5AE =4ofr/;. r.
0 #/F.
tFAE? LOA? ' 570 #/F
TQfAL L0,171 - -q3O */Iz.
soL.-Yc- F-CF, WjZptlrpL (vt1FvrtFtir Of PancF~ 4z 15W4~N C~
- f'jY .40>- L_ _ _ =~ sI'311 c
H 221 *000 4
In riA L
H 16.
-2011 0 o 1-07)
Yrm&cz 0 3-7,00 ccz Cm PwTmTion in c~.~lFS~
9cAIye r-OR r U EF E zrCIVe O'~eLE
TIL6 F 2G5OO
LII PAW
U-
-9
LotpPS .
L 16G~
iE POLVe FnR MAKIflUt-1
t5o LVF FOR SUWE1OLN CFLE RIE~coT PUP- M~ jtMQVAL 6F UVC- LQRL'
~~tfr ~(ORMULA 00o
60=J1
181 19 70OeS
-C4 tT.U (2 X
r1~V 243#2
5c4 S~
17. t.-
S(flC. Me~ sriE.es(ng, cF~8LE! geIflTOO2CE Ai f'OKTIOt1 0:= fl LIVE L.OAp,
IT $SP05SI0At.Er T'smy rHP T THE ItFinlRL rO5IT(Otfl'W(LtL 2SCMAEF
5EE~e~- PrMW .8 fS P. . 1Y TR-~1Ire VF1K4OLL5 VA~LUES 6e'Tyeap
40 P Fil , irS(PoS6fL6L& Tn' Per-MrE WW PfIE UP C(4L 4
WOUML P BE "~ 19 61VEr) 61ZE OF 5TK;C51"& C19La C-PPfLE
Cf-T1; tfIVV& 11E1 LnV9P5 /nppLEr~ LLEWPf t2 5Y 7-HifE S i'Sor=X0
Cj;ie2,Les W ~ TtLAf V~gL4 TO Mo~e FftOM1 T1-IU;Z "h ivrzyull
-r ili onn u1oNK. Si K-r- T++ E ARZE A l 0) t5E CFVRIABE
THe e-lRCciE-.0'~fir i3Y TR ) A4" 1 FanPc) ec 'w*
THE. 5uprpKnN c144Es Cw4'S AK MV ThSffR TVK=-J9Q LOA PS -
N m tr 15 NEE60K ro Kr~r-n mHE ME 5I1ZV CPOLE
0VLT ri+e- CALCULIRT10NS., TR( 5 KF55LTZ 1k EXC65f LCAtV
<f=#iztc cp'IFcijm in ermcs tr, .cn oES wH{-l . SE
u4TIWZEV To 64ve ~fFm qcVmnonAFL -irtSS TC P65RemftRT
5RE5151n&, CRkMLffs P'Nor 6Q SLPcv-nrpK 'pHL-.
LfVE JRP~r per&p wQF7.1
TR &-ijI
+~- 4
Sorm'I o., (hz r'g A-/ Li~'m ON)
h L-AK
h-3 17. & Fl
SOLVEF2t
1+ =i.45s& L4 -
Lobi' IT7& r
1+ 7s - .45t'3a cc17. 40
PETEfRM1NC- F MRS 5~lWI-v CR LES.
fs~ f 740-670
=
H = iooo#f
Tm~w H( FA+ i to'/
A mi0.- T FACTURLT1 $'LL-OWRiLg
= 7-=OOo
- Gc -60o
12s 0izo
_a=41 G. t N AKE Fa FE Q u PEP FOR L 9rKSI NG CA 5LE
,CHECK Ai-/Ig~UMro
Sawsv ioK h~f.
i'1 _____flf ~d4rE.~C2.~ (
m9 t- h' % 3'6207 444 = S~4A$4O,L,4 I
TT)
CKH 0g3,lK 1600
= S-A-
(. oK 54 -5o = 3)',5* 4' /q~o wi~J
1.415
- I7
-FO) OR 3(01 170
(F fi:>K Ailg AS6UMfT'(0tl)
.0y Hf -Z= 10, lb 170
.,of. 
-R7T)
~~2LV ~ ~ a ?-'L YfBVTjlL ANQ 9fBRQR
TYTOCH-ECK,k4f WOULD E~wAL H.l,4T )<=I14-
(jc 11+.4)
7301I-7<200=,30 KleoC~ O4cR~_j NOT. GO
AMSP SMiESSfN& CA'3LE- WILL PeFL~rT C,-,frrE T1-+/ N
q-39q4 - 74ZO= 17 74
sigy c= g. I rT.
-~e t80 (OK
GrR~rwi CAIXL- WOLJLP PER-EC T 0 I FT. LJ?4f2! 17/FT Loa P.
.7,AS5ME PIFFEMENt 'gr 2KrJQTN OF A.L T{i+T WI((.L F'ROPLCE
LOWeR VALUEa OF- P--P AND) C4E:K AGAIN.
ThY 144AL
t,46
60MiC- FOR FOK'/4 A-ii95SUMPTIO('O
-e; 14wF oif; Se4 x7.4
PerE-RMr1~ PFOK5TZA-S1WG C~3LES.
FS - F'f = 660-570
C$ffCK 0'/4- AL. A:55UM'TIQN-
SQ-LVF FCR r'
hi'-~. Li~4 j Lh~.
wHFtKe x
BTE-KM(tlc-
I -4-S ( i -(V -
hlr 0.(b - '3 )h lf -
e - 06),K = 84-8
SQL.VE NI 5'' ~Y V*Kt/L AINP EKROK,
X5 -361 w = 64 WffEgE X =I*
TO C HECK h'( WOVULL P LLUAL
=o <64 6 tlO 0 e~o~o w
'&1VeSSflc CIRLE Wli.L DetEcr MO R&. TthPlfl
e000- 7250 =7 70 e8 fiO
eo~y 20~. 1
SZTRE'SSr) C~fi3LC WCoUuQ PEFLr -zor f= Lirchc:R eso#/-.
LpC.'P , ASSUME A VIFrEEPKT ROPOgrkON aF -A T -KT W( LL
PKP6 LOWCtER VP&LUF. ::) IS F PRO CRECrF'i
Sovve Fnwh 3
hz-54'AA oR m~
h3s .
SOLVE FO a (F DR CrS /46b.L PGSUrnP'rK~t)
5L~4E-C2-
0.4 =-7S 1.45 P
( .. ~'3~4-5oo =1.45(51
6)J Y(7,.3-3 =f S
Fs~ r
17S3
SOaLVC- FOg h
S4n F'; -hi 10,Gt2 (~ C40)
OR ,~-36iK=4 2 5 wte X= Y
SO LVE. FOX~ l!F BY T'RIFIL FiNV F-.f~
M CHef-I< W WOLL EO.L&
TMV I q .o7
7600 '- 7 (00 - GcOO - NO -Sr~e~tNr~c: C.ae~ W(LL
4o#:/r- LOfiv.
Tgy I q, Cp
765O - 7070 (4o 0
H~f -ilvco f=r.
73- 7060
11l + .6~
W *3 - 3G I W = 4ZG
FgMT14E FEVIQU& CFALCULPIT1QNS 1r 1-5 f'OSS16LE TO SFRY TH19T THfE
AcruLL - ?IROFORT!Qf (s t5SfWEEFln s/4 PWW -5/& A '.THFr
Tf4E PI-CTUR~L SrREs5ArG CF(3LE LOAD (r-eP) IifEWCjr 0C A~
404r/Fr AMP, T-Ht':*T TH-E PX-CFLPL s 19a3tv'J~lfN Ac. ~ND'
hSS3UME VPALLJES 5y tnTf0T~'L~iFON AND cHaz,Lc
Wf ;5
F-6- FP'5 &#~r (FT 6F I~5R~nh=c (;Dr 5ye-ic )t LMS
4- ~)
1- fj&i-WVN2
FWnt9L C93LE- SYSTrEf- sreF OF- KEF'Q5e WCuLP FSECOlr'OLLED'
5" fl+E. CENTERLINE 5ULSTN: 4ON AMSP '3TM It CMf5t.ES (5TH
1fE~(P[ N THIS Cr-NGE 'C(I4' NE-WcfZt, W-Pr> AN Qf)V
NL IFERi5 OFGMe :-- Itv TgF~t4'SVE-sE MRtP LC0N67(rUl)NnL
01RCTOS,,TI SUSE;ion cf~15LEs Ar TfiE oaWSIPC Of=
TiAE C4 5L-pE KerWORK &IE. TNe LINE' CF rT-f-tC SLUSPEFN DEEP
Stp F-KULL&4 qj ThEC rwo GOUAu F)pngLL L~jtjeS F-kor4( W++LC4
T-VNE- -SLSI( 1 CF'jLe-S HP~rfl6='. QnLcL~rtONS i;OQR GU,5;PERSIlrn
f 'TNc STREISSrk--, Ch~l-ES f)FZ- E:(6'LiRE) 13V MN O p(MENSIONS
WH4ILE: 114C- FJIL NETWORK 'ThFIFE I'S CONF-ROLLEP BYj -fl-
[UNaS N~ THe Fo ,owIO in I H6RRt:
PRt cnra~un
su5PeEnswnf CA9SLE$
ATOurstpe of=
NORt~nL ArnrUcE
PmF CMflTEgLMEl
-U-
BIBLIOGRAPHY
Wilbur, John Benson and Norris, Charles Head,
ELEMENTARY STRUCTURAL ANALYSIS McGraw-Hill Book
Comapny, Inc. New York 1948. Ch.ll, "Cables"
Otto, Frei
DAS HANGENDE DACH, GESTALT und STRUKTUR. Ullstein,
A.G., West Berlin, 1954
Otto, Frei
"LES TOITTRES SUSPENDUS et LES VOILURES", Struc-
tures, LAArchitecture D'aufourd'hui March 1956,
Volume 64. p 56-66.
Howard, Seymour
"SUSPENSION STRUCTURES", Architectural Record
Sept., 1960, Volume 128, p 230-237.
Howard, Seymour
"PRESTRESSING PREVENTS FLUTTER OF CABLE ROOF",
Architectural Record. August 1959. Volume 126.
p 178-182.
"Bicycle Wheels", Progressive Architecture, Feb. 1961
Chelazzi, Paul
"ARCH AND SUSPENSION SYSTEMS", Progressive Archi-
tecture Feb. 1960. p 174-176
"Bicycle Wheel Roof Spans 240 ft. at Utica, New York"
Architectural Forum Nky 1960. Volume 112. p 144-145.
"Cable-Qoncrete Pylon Supported Roof; Health and Physical Edu-
cation, Central WashingtonCollege", Progressive
Architecture. March, 1960, Vol. 41, p 182-183.
"Cable-Hung Roof Goes to the Races: Grandstand Portion of Club
House at Yonkers Raceway". Engineering News Sept. 4
1958. Volume 161 p 33-34.
Severud, Fred N. "Cable-Suspended, Roof for Yale Hockey Rink"
Civil rangineering, September 1958, Vol. 28.
p 666-669.
"Parabolic Pavilion: A 6pectacular Testimonial to Architect-
Engineer Collaboration." Architectural Forum
October 1952, p 134.
64
"Bicycle Wheel Roofs", Progressive Architecture, Feb. 1961
p 153.
Severud, Fred N. and Corbelletti, Raniero G.
"Hung Roofs", Progressive Architecture. March 1956
p 99-107
..........
